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Description 



METHOD AND STRUCTURE FOR 
PROVIDING TUNED LEAKAGE CURRENT 
IN CMOS INTEGRATED CIRCUITS 

Background of Invention 
[0001] Field of the Invention 

[0002] The invention generally relates to microelectronic devices, 
and more particularly to controlling the leakage current in 
complimentary metal oxide semiconductors (CMOS) inte- 
grated circuits. 

[0003] Description of the Related Art 

[0004] Leakage current occurs in a transistor as the gate"s per- 
formance declines in terms of its capability to control the 
flow of electric charge carriers in the channel between the 
source and drain of the device. Thus, even when the tran- 
sistor is off, electric charge carriers continue to flow 
through the channel. In fact, a majority of the power con- 
sumed by an inactive transistor is a result of the leakage 



current. 

[0005] p r j or approaches in the field of leakage current control 
have suggested the use of active N-well and P-well bias- 
ing to adjunct individual chip threshold voltages (V) in or- 
der to tighten the leakage distribution and therefore im- 
prove yield as limited by the total power. With scaling, 
however, well biasing has become less effective and hence 
other approaches have been suggested, including using a 
double-gate CMOS having a second gate as a means of 
adjusting V. Unfortunately, the use of double-gate field 
effect transistors (FET) in the split-gate mode degrades 
their performance potential significantly due to the de- 
creased drive with one gate and degraded sub-threshold 
turn-off behavior, requiring a higher V than the true dou- 
ble gate case. 

[0006] FinFET devices have been used to reduce a transistor's 

leakage current by incorporating several gates rather than 
one to aid in controlling the flow of electric charge carri- 
ers in the device. Moreover, one solution to solve this 
problem is to use a dual gate structure with a n-type gate 
on one side of a channel and a p-type gate on the other, 
which aims to properly achieve the correct threshold volt- 
age levels, which is the necessary gate voltage required to 



turn the transistor on (switch on). 
[0007] Unfortunately, the leakage power, primarily due to sub- 
threshold channel currents, has become approximately 
equal to the switching power in high-performance inte- 
grated circuits. In fact, the leakage power varies, typically 
more than a decade, with the threshold voltage, V , varia- 
tion driving the sub-threshold current variation. There- 
fore, there remains a need for a novel method and struc- 
ture, which provides superior tuned leakage current con- 
trol in a transistor device, such as a CMOS device. 
Summary of Invention 

[0008] | n V j ew 0 f the foregoing, an embodiment of the invention 
provides a field effect transistor comprising an isolation 
layer, a source region positioned over the isolation layer, a 
drain region positioned over the isolation layer, a bifur- 
cated silicide gate region positioned over the channel re- 
gion, and a gate oxide layer adjacent to the gate region, 
wherein the gate oxide layer comprises an alkali metal 
ion, wherein the alkali metal ion comprises any of cesium 
and rubidium. According to an aspect of the invention, the 
transistor comprises a CMOS device comprising any of a 
nFET configuration and a pFET configuration, wherein ion 
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implantation levels of approximately 3 x 10 cm are 



employed, wherein the alkali metal ion adjusts nFET and 
pFET threshold voltages for the nFET and pFET configura- 
tions by an amount required to match desired off- 
currents for the nFET and pFET configurations. According 
to another embodiment, the invention provides a CMOS 
device comprising an isolation layer over a substrate, 
raised source/drain regions positioned over the isolation 
layer, at least one fin structure disposed between the 
source and drain regions, a gate region positioned over 
the channel region, a silicon layer dividing the gate re- 
gion, and a gate oxide layer adjacent to the gate region, 
wherein the gate oxide layer comprises an alkali metal 
ion, wherein the alkali metal ion comprises any of cesium 
and rubidium. According to an aspect of the invention, the 
device further comprises spacers separating the gate re- 
gion from the source/drain regions. 
[0009] Another embodiment of the invention provides a method 
of tuning a threshold voltage of nFET and pFET devices in 
a double-gate CMOS integrated circuit structure, wherein 
the method comprises performing a PSP (post silicide 
probe) electrical test on the double-gate CMOS integrated 
circuit structure, determining nFET and pFET threshold 
voltages during the PSP electrical test, and implanting the 



double-gate CMOS integrated circuit structure with an al- 
kali metal ion, wherein the step of implanting adjusts the 
nFET and pFET threshold voltages by an amount required 
to match desired off-currents for the nFET and pFET de- 
vices. According to the method, prior to the step of per- 
forming, the method comprises forming a fin structure 
over a isolation layer, forming source/drain regions over 
the fin structure, depositing a gate oxide layer adjacent to 
the source/drain regions, and forming a gate region over 
the gate oxide layer and the fin structure. Additionally, the 
alkali metal ion comprises any of cesium and rubidium. 
Moreover, the ion implantation levels are determined dur- 
ing the PSP test, wherein ion implantation levels are ap- 
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proximately 3 x 10 cm . 
[0010] using the inventive concepts provided by the invention, 

integrated circuit dies may be fabricated with greater pre- 
cision in threshold voltage than was previously attainable. 
Other advantages provided by the invention include im- 
proved circuit performance, reduced leakage power, and 
operation at reduced power-supply voltage. Furthermore, 
fabrication yield can be improved as a result of improved 
control of threshold voltages, and circuits which require 
precise differences in threshold voltages may be fabri- 



cated. 

[0011] These and other aspects of the invention will be better 

appreciated and understood when considered in conjunc- 
tion with the following description and the accompanying 
drawings. It should be understood, however, that the fol- 
lowing description, while indicating preferred embodi- 
ments of the invention and numerous specific details 
thereof, is given by way of illustration and not of limita- 
tion. Many changes and modifications may be made within 
the scope of the invention without departing from the 
spirit thereof, and the invention includes all such modifi- 
cations. 
Brief Description of Drawings 

[0012] The invention will be better understood from the following 
detailed description with reference to the drawings, in 
which: 

[0013] Figure 1 is a schematic diagram of a CMOS device during 
a first intermediate processing step according to an em- 
bodiment of the invention; 

[0014] Figure 2 is a schematic diagram of a CMOS device during 
a second intermediate processing step according to an 
embodiment of the invention; 

[0015] Figure 3 is a schematic diagram of a CMOS device during 



a third intermediate processing step according to an em- 
bodiment of the invention; 

[0016] Figure 4 is a schematic diagram of a CMOS device during 
a fourth intermediate processing step according to an 
embodiment of the invention; 

[0017] Figure 5 is a schematic diagram of a CMOS device during 
a fifth intermediate processing step according to an em- 
bodiment of the invention; 

[0018] Figure 6 is a schematic diagram of a CMOS device during 
a sixth intermediate processing step according to an em- 
bodiment of the invention; 

[0019] Figure 7 is a schematic diagram of a CMOS device during 
a seventh intermediate processing step according to an 
embodiment of the invention; 

[0020] Figure 8 is a schematic diagram of a completed CMOS de- 
vice according to an embodiment of the invention; 

[0021] Figure 9 is a top view of the CMOS device of Figures 1 

through 8 according to an embodiment of the invention; 

[0022] Figure 10 is side view of the CMOS device of Figure 9 ac- 
cording to an embodiment of the invention; 

[0023] Figure 11 is a graphical illustration of voltage results for a 
CMOS device according to an embodiment of the inven- 
tion; 



[0024] Figure 12(a) is a flow diagram illustrating a first preferred 
method of the invention; and 

[0025] Figure 12(b) is a flow diagram illustrating a second pre- 
ferred method of the invention. 
Detailed Description 

[0026] The invention and the various features and advantageous 
details thereof are explained more fully with reference to 
the non-limiting embodiments that are illustrated in the 
accompanying drawings and detailed in the following de- 
scription. It should be noted that the features illustrated 
in the drawings are not necessarily drawn to scale. De- 
scriptions of well-known components and processing 
techniques are omitted so as to not unnecessarily obscure 
the invention. The examples used herein are intended 
merely to facilitate an understanding of ways in which the 
invention may be practiced and to further enable those of 
skill in the art to practice the invention. Accordingly, the 
examples should not be construed as limiting the scope of 
the invention. 

[0027] a s mentioned, there remains a need for a novel method 

and structure, which provides superior tuned leakage cur- 
rent control in a transistor device, such as a CMOS device. 
In order to address this need, an embodiment of the in- 



vention provides a cesium implantation in a double-gate 
FinFET device (or other double-gate devices) in a double- 
gate mode (e.g. both gate electrodes are tied to each 
other and are used as a single gate) while still realizing 
the benefits of tightly-controlled chip leakage variation. 
Referring now to the drawings, and more particularly to 
Figures 1 through 12(b), there are shown preferred em- 
bodiments of the invention. 
[0028] a CMOS device according to the invention is illustrated in 
the generally sequential fabrication steps illustrated in 
Figures 1 through 8. As shown in Figure 1, a SiO /Si N 
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hardmask layer 40 is sequentially deposited on a silicon- 
on-insulator (SOI) wafer 22. The SOI wafer 22 comprises a 
substrate 10 and a Buried Oxide (BOX) layer 25, which in 
the preferred embodiment, comprises the isolation layer 
20, and a silicon layer 30, and is typically fabricated by 
means well known by those versed in the state of the art 
(e.g. Bond and Etch Back SOI, or Separation by Implanta- 
tion of Oxygen). Next, as illustrated in Figure 2, portions 
of the silicon layer 30 and hardmask layer 40 are etched 
using any well-known etching technique to configure the 
silicon layer 30 and hardmask layer 40 into a preferred fin 
configuration, thereby exposing portions of the underly- 



ing isolation layer 20. 

[0029] Preferably, the silicon layer 30 is configured to be approx- 
imately 10 nm in width and 50 nm in thickness, wherein 
the thickness configurations shall eventually determine 
the transistor body height as well as the fin height in the 
device. The oxide/nitride hardmask layer 40 may be de- 
posited over the silicon layer 30 using any well-known 
deposition technique, and preferably by chemical vapor 
deposition (CVD). 

[0030] Next, as shown in Figure 3, a phosphorous doped polysil- 
icon/germanium layer 50 is deposited over the device, 
and specifically, over the hardmask layer 40 and the ex- 
posed isolation layer 20. Furthermore, the polysilicon/ 
germanium layer 50 makes contact with the sides of the 
silicon layer 30 and hardmask layer 40. Thereafter, an ox- 
ide layer 60 preferably comprising Si0 2 is CVD deposited 
over the polysilicon layer 50, which is depicted in Figure 
4. 

[0031] Following these steps, the source and drain regions along 
with the eventual gate region of the device are configured. 
While a raised source and drain region is illustrated in the 
various drawings, those skilled in the art would readily 
understand that other configurations for the source and 



drain regions may also be used in accordance with the in- 
vention. A patterned photolithography mask is deposited 
over the oxide layer 60, and using well-known etching 
techniques, such as electron beam lithography, an open- 
ing 70 is formed through the oxide layer 60 and polysili- 
con/germanium layer 50 down to, and exposing the sur- 
face of, the oxide/nitride hardmask layer 40. This opening 
70, which is approximately 100 nm in width, separates 
the source and drain regions 72a, 72b from one another. 
This is best shown in Figure 5, wherein the oxide/nitride 
hardmask layer 40 protects the underlying silicon layer 30 
from the etching process. 

[0032] Next, as illustrated in Figure 6, a pair of sidewall spacers 
80, which preferably comprise Si0 2 /Si N 4 , are formed by 
CVD deposition within the opening 70 and along the side- 
walls of the oxide layer 60 and polysilicon layer 50. An 
opening 70 remains separating the spacers 80 from one 
another. Moreover, the spacers 80 are configured to ex- 
tend from the top of the oxide layer 60 to the top of the 
oxide/nitride hardmask layer 40. 

[0033] upon completion of this step, a gate region 90, preferably 
comprising SiGe, is formed to fill the opening 70 and to 
extend above the oxide layer 60, which is illustrated in 



Figure 7. Then, as shown in Figure 8, an ion implantation 
initially occurs in the oxide layer 60. However, the implan- 
tation process is controlled to center the ion implants into 
the underlying layers below, such as the gate oxide layer 
94 (shown in Figures 9 and 10), silicon layer 30, and 
polysilicon/germanium layer 50. This ion implantation, 
which results in a positive charge in the oxide layer 60, 
occurs using an element having a low electronegativity of 
approximately 0.8eV, a small ionization potential of less 
than approximately 5eV, and a small diffusion coefficient 
in silicon oxide, less than approximately 10~ 2 °cm 2 /s at 
temperatures used to finish the processing of the wafer 
(approximately 500°C) and less than approximately 10 
~ 25 cm 2 /s at use temperatures (approximately 100°C). 
[0034] Moreover, the gate region 90 is generally positioned over 
a channel region 95 (the channel region 95 is best shown 
in Figures 9 and 10), although a portion of the gate region 
90 fills the gap 70 between the spacers 80. Accordingly, 
cesium ions are preferable used for this ionization process 
as cesium is immobile in Si0 2 at back end of the line 
(BEOL) process temperatures. However, other alkali metals 
such as rubidium may also be used. According to a pre- 
ferred embodiment of the invention, cesium ions 100 are 



implanted in such a way as to have a maximum concen- 
tration throughout the gate oxide layer 94 (shown in Fig- 
ures 9 and 10). In fact, the implantation may occur in any 
desired location in the device shown in Figure 8. However, 
the cesium ions implanted in the gate oxide layer 94 pro- 
vide the device with its preferred functionality according 
to the invention. 

[0035] a top down view of the FET is illustrated in Figure 9, which 
for ease of understanding is shown without the oxide/ni- 
tride hardmask layer 40 or the oxide layer 60. Addition- 
ally, Figure 9 illustrates a gate dielectric layer 94, prefer- 
ably comprising an oxide material (hereinafter referred to 
as the gate oxide (or gate oxide layer) 94) adjacent to the 
gate region 90 along with a channel region 95 which con- 
stitutes the area on the FET device between the spacers 
80, which separate the source and drain regions 72a, 72b 
from one another. The formation of the gate oxide layer 
94 preferably occurs prior to formation of the gate region 
90. As illustrated, the cesium ions 100 are shown im- 
planted in both the silicon layer 30 and polysilicon layer 
50 as well as in the gate oxide 94. 

[0036] Figure 10 illustrates a side view of the FET device of Fig- 
ure 9. As shown, the cesium ions 100 are implanted in 



both the silicon layer 30 and polysilicon layer 50 of the 
FET device as well as in the gate oxide 94. Figure 10 fur- 
ther illustrates the channel region 95 between the gate 
oxide layers 94. 

[0037] a novel aspect of the invention is the use the cesium ion 
implant 100 post silicide electrical test in order to tune 
the threshold voltage, V . As such, the invention centers 
both the nFET and pFET threshold voltages, V , which are 
slightly too positive (for the desired application) at the PSP 
electrical test. In particular, those processes which are re- 
sponsible for determining the V (at the point that silicide 
processing is completed) are engineered to result in a 
nominal V for both nFET and pFET configurations, which 
is more positive than the final desired V^s (V ^) when the 
BEOL processing is complete. For example, if the tolerance 
of the V is given by dV^, then the process is designed (e.g. 
by choice of halo ion-implant doses and energies) to yield 
a threshold voltage of V tf +dV . When a given wafer is fab- 
ricated and tested at PSP, a particular value of V is mea- 
sured and will have some particular offset, V . above the 

toff 

final target V tf . A cesium ion dose normal to the channel 
surface is then calculated for each type of FET, using N 
= 2C x V /Qe, where C is the capacitance per unit 
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area of the gate electrode to the channel, and Qe is the 

-19 

unit electronic charge (approximately 1.6 x 10 C). The 
dose of ions actually ion-implanted must be adjusted to 
account for the geometry of the structure. For instance, 
when ion-implantation is normal to the wafer surface and 
the FinFET presents a channel which is normal to the 
wafer, then the implanted dose must be a factor of the fin 
height divided by the gate oxide thickness times the cal- 
culated normal dose. 
[0038] Moreover, ion implantation of the n and p regions sepa- 
rately with cesium is used to shift the threshold voltages, 
V* t , in a negative direction by an amount required to match 
the desired off-currents for nFETs and pFETs. This dose is 
calculated for each wafer based on the PSP test data. Low 
temperature annealing (300°C) will activate the cesium 
ions in the oxide layer 60, and will not disturb the CMOS 
process otherwise. The cesium ion implantation concen- 
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tration is approximately 3 xlO cm , andpreferably be- 
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tween 0 and 4 x 10 cm , depending on the amount of 
V adjustment needed and the thickness of the gate oxide 
94. This generally completes the front-end of the line 
processing of the CMOS device according to an embodi- 
ment of the invention. Subsequent BEOL processing in- 



volves forming metal contacts (not shown) in the CMOS 
device. Typical hot-process-related V tolerances may be 
+ /-50mV which for a gate oxide thickness in the range of 

18 

1 to 3nm can require ion doses of approximately 3 xlO 
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cm , and preferably in the range of 0 to 4 x 10 cm , 
depending on the exact value of V rr to be compensated. 

toff 

[0039] Figure 11 shows a diagram illustrating positive and nega- 
tive threshold voltage values for nFETs and pFETs, respec- 
tively. As an example, measured values of 280mV and - 
lOOmV are indicated by the "diamond" and "triangle" 
symbols for nFET and pFET V s, respectively, as measured 
at PSP test. Lines at 220mV and -190mV indicate target V 
s for nFETs and pFETs respectively. As such, cesium ion 
implant doses normal to the channel surfaces of 2.5 x 10 
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cm and 3.75 x 10 cm are required to adjust the V 
t s of the nFETs and pFETs by -60mV and -90mV, respec- 
tively. Because the ion implantation is typically normal to 
the wafer surfaces, and not the channel surfaces, as 
shown in Figure 10, the actual doses used will be in- 
creased by a factor given by the height of the fin divided 
by the gate oxide thickness. Thus, for fins that are 50nm 
in height and a T of 2nm, the doses would correspond 

ox 
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to approximately 6.25 x 10 cm and 9.38 x 10 cm 



as required to adjust the Vs of the nFETs and pFETs, re- 
spectively. Additionally, planar FETs could also be em- 
ployed in this technique, including both single-gate and 
double-gate configurations. In the planar cases, the ce- 
sium doses would be as given for the net (normal to the 
channel surfaces) ion implant doses. 
[0040] According to the invention, the PSP test comprises con- 
tacting the source 72a, drain 72b, gate 90 and body (if 
not an SOI device) (not shown) with electrical probes after 
either source and drain formation is complete or after the 
formation of a silicide on the sources 72a and drains 72b. 
It is advantageous to perform an annealing process in hy- 
drogen gas, typically for twenty minutes at approximately 
400°C, to minimize surface states in the channel region 
95. The threshold voltage is measure by any standard 
technique, such as finding the gate bias at which a partic- 
ular source current is achieved. For nFETs, typically a 
drain-to-source voltage (V ) of 50mV is applied and the 

ds 

gate voltage is raised to a level where a current in the 
source is approximately 300nA xW/L (where W and L are 
the width and length of the FET under test) is achieved, 
wherein this value of gate voltage being defined as the 
threshold voltage. For pFETs the procedure is the same 



except that V of -50mV is typically used and a current of 

as 

approximately 70nA x W/L is used to define V . 
[0041] The invention also provides use of the above-described 
techniques to fine tune differences in V for various types 
of FETs. For instance, a particular circuit may perform its 
function best when a special high V FET has a threshold 
voltage that is, for example, 70mV and higher than that of 

the standard V FET. To assure that this offset in V is at- 

t t 

tained, PSP testing of these two types of FETs can be used 
to ascertain the difference in V s of the FET types, and a 
cesium ion dose chosen for one of the two types of FETs 

to trim the V difference much or accurately to the 70mV 

t 

value required in this example. Similarly, pFET and nFET 
leakages can be more accurately matched with a similar 
methodology in order to minimize the overall die leakage 
for a give circuit speed. 
[0042] Figure 12(a) illustrates a method of tuning a threshold 

voltage of nFET and pFET devices in a double-gate CMOS 
integrated circuit structure, wherein the method com- 
prises performing 200 a PSP electrical test on the double- 
gate CMOS integrated circuit structure, determining 202 
nFET and pFET threshold voltages during the PSP electrical 
test, and implanting 204 the double-gate CMOS inte- 



grated circuit structure with an alkali metal ion 100, 
wherein the step of implanting adjusts the nFET and pFET 
threshold voltages by an amount required to match de- 
sired off-currents for the nFET and pFET devices. 
[0043] As shown in Figure 12(b), according to the method, prior 
to the step of performing 200, the method comprises 
forming 210 a fin structure 30 over an isolation layer 20, 
forming 212 source/drain regions 72a, 72b over the fin 
structure 30, forming 214 a channel region 95 between 
the source/drain regions 72a, 72b, depositing 216 a gate 
oxide layer 94 adjacent to the source/drain regions 72a, 
72b, and forming 218 a gate region 90 over the gate ox- 
ide layer 94 and the fin structure 30. Additionally, the al- 
kali metal ion 100 comprises any of cesium and rubidium. 
Moreover, the ion implantation levels are determined dur- 
ing the PSP test, wherein ion implantation concentrations 
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of approximately 2 x 10 cm are employed. 
[0044] Generally, the invention provides a cesium implantation in 
a double-gate device (or other double-gate devices) in a 
double-gate mode (e.g. both gate electrodes are tied to 
each other and are used as a single gate) while still realiz- 
ing the benefits of tightly-controlled chip leakage varia- 
tion. Furthermore, while the invention has been described 



in terms of double-gate device, it can be equally applied 
to multiple-gate FETs, such as Trigate FETs, or single- 
gate FETs, such as Fully-depleted SOI or other planar 
transistors. Using the inventive concepts provided by the 
invention, integrated circuit die may be fabricated with 
greater precision in threshold voltage than was previously 
attainable. Other advantages provided by the invention in- 
clude improved circuit performance, reduced leakage 
power, and operation at reduced power-supply voltage. 
Furthermore, fabrication yield can be improved as a result 
of improved control of threshold voltages, and circuits 
which require precise differences in threshold voltages 
may be fabricated. 
[0045] The foregoing description of the specific embodiments 

will so fully reveal the general nature of the invention that 
others can, by applying current knowledge, readily modify 
and/or adapt for various applications such specific em- 
bodiments without departing from the generic concept, 
and, therefore, such adaptations and modifications should 
and are intended to be comprehended within the meaning 
and range of equivalents of the disclosed embodiments. It 
is to be understood that the phraseology or terminology 
employed herein is for the purpose of description and not 



of limitation. Therefore, while the invention has been de- 
scribed in terms of preferred embodiments, those skilled 
in the art will recognize that the invention can be prac- 
ticed with modification within the spirit and scope of the 
appended claims. 



